Introduction
The Air Force Institute of Technology has developed the construction of unmanned aircraft of different classes and designation, from microaircraft to large ones unmanned air targets of the jet propulsion for years.
The unmanned aircraft itself (UAV) is only a platform, the usability of which depends on the sensors that are installed on it. In most on-board unmanned aircraft systems optical sensors are applied, which, as a rule, are installed in the movable gimbal of the dynamics adjusted to the nature of tasks made by the unmanned aircraft.
Multisensor observation heads are standard equipment not only of the unmanned aircraft, but also of the manned aircraft and helicopters, wheeled vehicles, and force protection systems. The popularisation of the camera technology with high resolution of visible light and infrared radiation resulted in a significant decrease of prices and an increase of the availability of these devices. In spite of this fact, the prices of observation gimbals intended for installation on the board of the unmanned aircraft and similar systems are still relatively high. Currently, the price and usability of observational gimbals are less influenced by more and more cheaper and perfect detectors, and they are more influenced by mechanical solutions, optics, control systems and interfaces, the parameters of which may hinder taking full advantage of possibilities of optical sensors.
Due to the still low saturation of multisensor optoelectronic gimbals in the country, and, thus the extent of the potential market as well as involvement of the Air Force Institute of Technology in work on the unmanned aircraft, in particular on the ILX-27 unmanned helicopter, it was reasonable to start working on the creation of a multisensor technology of the observation gimbal.
In 2013, a team of specialists of the Department of C4ISR Systems Integration at the Air Force Institute of Technology, within the framework of the statutory work, designed and executed a research model of the WH-1 optoelectronic gimbal intended for installation on the ILX-27 unmanned helicopter. The gimbal model was installed on the board of the helicopter exhibited during the International Defence Industry Exhibition (MSPO) 2013 in Kielce. The helicopter as a complete system received the Special Award of the Minister of National Defence.
System architecture
The developed gimbal (Fig. 1) is a biaxial device and it can be pivoted at two planes: deviation (horizontal) and inclination (vertical) ones. Rotation of the gimbal in the deviation plane is possible in the range of -135° to +135° in the WH-1 model. The WH-2 model, due to the use of rotating unions, is characterised by a continuous range of rotation in the deviation plane. In the plane of inclination, both models can move in the range from -90° to +15°, which makes it possible to perform most of the tasks faced by the devices. In the inner frame of the gimbal, a camera of visible light with a resolution of 1920×1080 pixels was placed in a field of view from 55.4° to 2.9° in the mode of 1080p and from 37.6° to 1.95° in the model of 720p, the uncooled thermal imaging camera in the band of 8-12 µm with a resolution of 600×480 pixels and the lens in a field of view of 32 interchangeably used with the lens with continuous zoom of 15-100 mm (a field of view of 62.7°-9.1°). The gimbal was also equipped with a laser distance metre λ=1.55 µm (safe for the eye) with a range up to 4 km. The drive, provided by two precise stepper motors, is transmitted by the toothed belt transmission. The gimbal cabling was protected against damage caused by uncontrolled rotation of the gimbal by the system of limit switches.
In order to increase the susceptibility of the system architecture on modification, the ARM microcontroller, which controls motors with dedicated controllers, receiving signals from microswitches and communicating with the laser distance metre, was applied. The image from the cameras is processed and transmitted using a computer with a quad-core processor. Communication with the gimbal is held by the Ethernet interface.
The gimbal module was designed in such a way it can provide a test platform for various solutions of drives and different configuration of sensors. The applied bearing enables working both in the suspended position, which is mostly used in aviation, and the reversed one that is used at sea and on land. 
Solutions used in the WH-1 and WH-2 gimbals
The WH-1 gimbal was equipped with:
The drive, in terms of kinematics, constitutes two identical systems (one for each axle). In the first version, in order to ensure the torque, two identical independently operating precise two-phase stepper motors (57BYGHM402) of the direct current were used. However, in the second version, the use of actuators (FHA-8C-100-D200-EM1 -Harmonic Drive) with the built-in harmonic drive of the ratio of 1:100 is planned. This type of drive is smaller than the previously used one, and at the same time, it can provide the almost four times higher torque, greater liquidity and accuracy of operation.
The drive transmission (Fig. 2) is done by single-stage toothed belt transmission (reducer i≈0.21). The wheels were made of aluminium alloy, while the drive belt of plastic with the core (steel wires). The adjustment of the belt tension is made by changing the distance of axles of cooperating wheels, and the motors are moved in brackets in a range of 7 mm. The application of the belt transmission has the advantage that the vibrations resulted from operation of drives are not transferred to the construction, and silent-running of the transmission is provided. In addition, this solution relieves the reverse effect on the motor. In the gimbal, three key elements can be distinguished: a) base -a frame part in the shape of a wheel, in which the forks are rotary suspended. The base is equipped with handles, due to which the gimbal is fastened to the vector (vehicle/mast), b) forks -do rotation in the vertical direction and make the horizontal rotation of the nacelle possible, c) nacelle -there are optoelectronic sensors in it, rotary mounted in the forks.
Base
The base (Fig. 3a) is an element fitted to the vector. On the outer circumference of the base there are four clamps, on which its total weight (without the computer) is put, it is important to retain the rigidity of the construction while minimising the impact of vibrations (e.g. from operation of the vector motor). For this purpose, the metal-rubber elements -the LORD type absorbers, one for each clamp (Fig. 4) , were applied.
Fig. 3. Gimbal -key elements
The base frames of both gimbals were made by machining of an uniform rod Ø300, of the PA6 aluminium alloy. Inside there are four fins connecting the rim with the coaxial connection -in it, on a pair of the FAG 32008 XA tapered roller bearings (in the O arrangement), the forks are fixed. Tapered roller bearings allow for simultaneous loading with the axial and radial force. The use of a pair of tapered roller bearings arranged opposite guarantees precise axial guidance, in addition, the O arrangement provides directing to the outer part of S apexes of the cones formed by lines of pressure. In this case, the
H support is longer than in the X arrangement (apexes faced towards the inside), and thus smaller loosening during tilt (Fig. 5) is achieved. The load carrying capacity and durability of the selected tapered roller bearings significantly exceed design requirements. However, their sizes were imposed in advance by the diameter of the fork shaft, through which the wires were to be led. Despite the fact, according to the manufacturer's recommendations, the bearings were computationally verified.
Within the fins, the mounting holes, due to which it was possible to put the powertrain (horizontal direction) in the inner area of the base, were made. It is also the place for mounting the limit switches which protect against exceeding a permissible angle of rotation (WH-1). The mass of the WH-2 gimbal compared to the WH-1 one was reduced by about 27%. In this model, the flange, in which the sealing ring is embedded, was added. From the top, the base is covered by the cap protecting the inside against impurities. The limit switches were removed providing the possibility of complete rotation with the use of rotating unions, and all mechanical connections were sealed.
Forks
The forks of both gimbals ( Fig. 3b; Fig. 6 ) conduct rotation in the horizontal direction. A toothed belt pulley and a set of two tapered roller bearings, which are secured with a bearing nut, are embedded on the centrally located shaft. In the upper part of the inside area, a motor of the nacelle drive as well as limit switches protecting against the performance of excessive rotation (WH-1) are located. The forks were made of the PA6 aluminium alloy and consist of four major parts: fork body, two lugs covered with two side covers and braces that connect them (in order to increase rigidity).
Fig. 6. Forks, WH-1
The seats, in which the FAG 6008.2ZR groove ball bearings are embedded, one on each side -shafts on which the nacelle is hanged rotate, are located in the lugs. In the left lug, there is the power train of vertical rotation, and in the left one, wires were led.
Shafts are one of the most loaded elements of the construction, the strength analysis (stress reduced according to the Huber-Mises hypothesis) of the fork shaft, with the marked places of the occurrence of maximum stresses, is presented below (Fig. 7) . It is several times smaller than the permissible one resulting belt pulley lug fork body brace side cover from properties of the applied material. The analogous strength analysis for the nacelle shafts was performed ( Fig. 9 and 10) . In case of the WH-2 gimbal, the fork weight compared to WH-1 decreased by approx. 16%, and the flange, which cooperates with the base sealing ring, was added. The body of forks was increased, a deeper area enabled this kind of drive housing, which allows forks to fully and collision-freely rotate around its own axis. The hollow shaft, which enables to assemble the rotating union in its interior, was made. As in the base, all mechanical connections were sealed.
Nacelle
The nacelle ( Fig. 3c; Fig. 8 ) is the element, in which all the sensors used in the gimbal are located. In case of WH-1, the frame construction occurs. Inside the frame, all the sensors are rigidly fixed, and the shafts, on which the nacelle is rotary suspended on the FAG 6008.2ZR bearings embedded in the fork lugs, were screwed to its outer sides. Contrary to the bearings applied in the forks, in this case, the main bearing load constitutes radial force, with the possibility of short-term axial load (ball bearings are able to transmit small axial force). The basic criterion for the selection of the above mentioned bearings constituted the diameter of placing them on the first shaft, depending on the diameter of the passage opening for wires formed in it. This approach resulted in the selection of bearings, the parameters of which considerably exceed the requirements in terms of load carrying capacity and durability. The second shaft is adapted for fitting a receiving belt pulley in it. The frame is entirely made of the PA4 sheet, and the external covers were made by machining with POM C -as a result of it, the protective and aesthetic function was obtained. In the front part, three holes (one for each sensor) were made; in two round ones, windows of the BK7 glass (camera of visible light) and germanium (thermal imaging camera), the third hole (rectangular) was designed in such a way that after the assembly of covers, a front part of the laser distance metre tightly adhered to its edge. 
Major design differences between WH-1 and WH-2 gimbals
In case of the WH-2 nacelle, the frame construction evolved into the modular monocoque construction (Fig. 11) , and it resulted in a decrease in the weight of the nacelle compared to WH-1 by approx. 27%. All parts were made by machining of the PA6 and PA4 aluminium alloy. Modularity allows for quick partial disassembly of covers, independently of each other (front and rear), and easy access to the sensors. The individual parts are connected by screws and the edges of their contact are sealed. During tests of the WH-1 gimbal, it occurred that warming up of the thermal imaging camera during its operation adversely affects the image. In order to solve the problem, a radiator was placed in the rear part of the WH-2 nacelle. The possibility of placing the radiator inside the fan, in order to force air circulation, is also considered.
Initially, the WH-2 gimbal was equipped with a new laser distance metre of better performances, other sensors were left (Fig. 12) . However, during the tests, it was also decided to change the thermal imaging camera (Fig. 13) . A new camera with lens is much larger than the previous one, which forced the reconfiguration of distribution of sensors inside the nacelle and the execution of a new front and windows (for laser distance metre, day camera of the BK7 glass, for the infrared camera of germanium).
The assembly of sensors is made with the use of brackets screwed to the walls. Thanks to this solution, the usable space inside the nacelle increases. Fig. 12 . Nacelle, WH-2: a) nacelle, b) nacelle without the front cover, c) nacelle radiator Fig. 13 . Nacelle, WH-2, after changing the thermal imaging camera and the camera with a new front
Conclusion
The solution of the mechanical system of the optoelectronic gimbal decisively affects its performance parameters. The assumptions accepted in the construction process, which take into account the construction rigidity, the gimbal susceptibility to modifications, good properties associated with the heat dissipation, with reduction of the construction mass, were fulfilled.
In case of serial solutions, it will be possible to replace the expensive method of execution of the aluminium shell of machining, with the cast or composite shell, and thus reducing the system mass.
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